Abstract. Polychlorinated biphenyls (PCBs) are persistent organic pollutants that affect embryonic development. The purpose of this study was to examine the effects of embryonic exposure to PCBs on early skeletal development in zebrafish (Danio rerio). Zebrafish embryos were immediately exposed to various concentrations (0, 0.125, 0.25, 0.5 and 1.0 mg/l) of PCBs (Aroclor 1254) after fertilization. Embryos were assessed at 24, 48, 72, 96 and 120 h post-fertilization (hpf) for changes in embryonic survival and malformation rates. Calcium content and vitamin D receptor (VDR), parathyroid hormone (PTH) and TRVP6 mRNA expressions were assessed at 120 hpf. The results showed that PCBs exposure decreased the survival rate of the embryos in a time-and dose-dependent manner. The embryos exposed to the higher concentrations of PCBs (0.5 and 1.0 mg/l) displayed obvious skeletal morphological deformities. At 120 hpf, the calcium content of the zebrafish was downregulated in all the PCB-treated groups. VDR, PTH and TRVP6 mRNA expressions were all affected by PCBs. By 120 hpf, the mRNA expressions of VDR, PTH and TRVP6 from the PCB-treated larvae were all upregulated. The expressions of PTH and TRVP6 positively correlated with the level of PCBs to which the embryos were exposed. These results suggest that embryonic exposure to PCBs induces developmental deficits in the zebrafish skeleton.
Introduction
Humans and animals are exposed to persistent organic pollutants, such as furans, dioxins or polychlorinated biphenyls (PCBs). These compounds accumulate in food chains and are known to affect a series of physiological functions and to disrupt endocrine systems (1) (2) (3) .
PCBs are persistent organic pollutants found in the environment and in tissue samples (4) (5) (6) . They are known to cause various adverse effects including endocrine disruptions, carcinogenicity, immune, neural, developmental, reproductive and skeletal toxicity (7) (8) (9) . Concern over the systemic toxicity of PCBs arose when two tragic episodes occurred in Japan and China (Taiwan) as a result of rice oil being contaminated with PCBs. Thousands of newborns exhibited low birth weight, mucocutaneous pigmentation, periorbital edema, gingival hyperplasia and abnormal skull calcification (10) . Thus, PCB exposure seriously affects the development of multiple organs, including the skeleton.
Bone tissue is a specialized connective tissue, which forms the framework of the body. Alterations in bone composition have previously been observed in experimental animals exposed to PCBs (11) (12) (13) (14) (15) (16) , as well as in natural exposure scenarios in free ranging animals (17) . However, none of these experiments or investigations have discussed the toxicity of PCBs during the embryonic developmental period.
Zebrafish (Danio rerio) is a new and popular model due to its fast development, the transparency of its embryos, its ease of manipulation at the molecular level and the availability of various mutants. The simple organization of the zebrafish ske leton and a similar developmental pattern to that of mammals makes zebrafish particularly useful for studies on skeletal development and disease.
The fact that PCB exposure accompanies skeletal deficits supports the need for more extensive studies on the PCB-related effects on the skeleton. The purpose of the present study was to investigate whether the exposure of PCBs during the early-stage of life could affect the development and composition of the zebrafish skeleton.
Materials and methods
Animal husbandry. Zebrafish were purchased from the Model Animal Research Center of Nanjing University, Tübingen (Germany) strain. The zebrafish were raised and, as adults, were maintained on a 14-h light/10-h dark cycle at 28.5˚C; they were bred in tanks as described by Westerfield (18 Viability and dose-response study. Immediately after fertilization, eggs were randomly distributed into five test groups (90 eggs/group) by placing 15 eggs in each well of a 6-well culture plate. Groups were exposed to 0.125, 0.5 and 1.0 mg/l PCB 1254 (Aroclor 1254, Sigma-Aldrich, Denver, PA, USA) dissolved with 0.01% methanol into rearing solution within a 100-ml glass Petri dish. The rearing solution contained 0.06 g NaCl in 1000 ml of deionized water. Reconstituted water served as the overall control. The effects of each concentration and the controls were studied at five developmental stages [24, 48, 72, 96 and 120 h post-fertilization (hpf)]. Dishes were covered to prevent the evaporation of PCBs; solutions were changed and degene rating eggs were removed daily. Viability was recorded on the day following exposure, and changes in zebrafish embryo development in each group were observed at x20 magnification under a stereomicroscope at 120 hpf.
Measurement of gross calcium. We obtained 50 fish from each group after 120 hpf and rinsed them three times with deionized water. We then added 2.0 ml nitric acid (2.0 mol/l) to each sample and placed them under the temperature of 80˚C for 24 h. Calcium standards 0, 1.0, 2.0, 3.0, 4.0 and 5.0 µg/ml were prepared from calcium standard solution (500 mg/l; Ministry of Environmental Protection) with various amounts of nitric acid (2.0 mol/l). We assayed the samples with atomic absorption spectrophotometer AA-6300 (Shimadzu). The instrument settings are summarized as follows: lamp current, 10 Ma; wavelength, 422.7 nm; spectral band-width, 0.7 nm; air flow, 15 l/min and acetylen flow, 1.5 l/min.
RNA preparation and quantitative real-time PCR.
Total RNA was extracted from 20 fish from each group with TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The concentration and purity of isolated RNA were determined by absorbance measures at 260 and 280 nm in a UV-Visible spectrophotometer (UNIC, China). Its integrity was assessed by 1.0% agarose gel electrophoresis. The RNA was stored at -70˚C until use. Quantitative real-time PCR was used to determine the relative mRNA levels of vitamin D receptor (VDR), parathyroid hormone (PTH) and TRPV6. First, cDNA was synthesized from 1 µg total RNA using random hexamers and reverse transcription reagents (Promega, Madison, WI, USA). Sequence-specific primers and probes for VDR, PTH and TRPV6 (Table I) were designed according to the guidelines for quantitative PCR using Primer Express 3.0 software (Applied Biosystems, Foster City, CA, USA). The quantity of β-actin was measured as the internal control in all samples. The primers and probe used to measure β-actin mRNA levels were from Applied Biosystems. The samples were run in duplicate on an ABI Prism 7300 sequence detection system (Applied Biosystems) using the following cycling parameters: 50˚C for 2 min and 95˚C for 10 min, followed by 45 cycles at 95˚C for 15 sec and 60˚C for 1 min. The data were obtained after an analysis of the cycle threshold (Ct) values according to the guidelines of the manufacturer, with the cycle number at which logarithmic PCR plots crossed a calculated threshold line. The mRNA values were depicted as ∆Ct values [∆Ct = Ct of target gene -Ct of housekeeping gene (β-actin)] of each sample. For each experiment, the fold changes of target mRNA under various treatment conditions were calculated by the 2 -∆∆Ct method (∆∆Ct = ∆Ct of treatment groups gene -∆Ct of control group gene) (19) .
Statistical analysis. Statistical analyses were performed using the χ 2 test for categorical data, or a one-way analysis of variance (ANOVA) for analysis of the measurement data. The doseresponse relationship was analyzed by the Mantel-Haenszel test. Differences were considered significant at P<0.05.
Results
Spinal deformity and viability. The spinal deformity rates of the zebrafish exposed to 0.125 mg/l PCB 1254 were infrequent, while at 0.5 and 1.0 mg/l, the numbers of larvae with spinal deformities increased significantly after 72 hpf. Exposure to 1.0 mg/l PCB 1254 , however, increased the percentage of deformed larvae to 37.8% at 120 hpf (Fig. 1) . Survival rates after 120 hpf were 97.8, 100, 94.4, 58.9 and 41.1% for the control, 0.01% methanol, 0.125, 0.5 and 1.0 mg/l PCB 1254 treatments, respectively (Table II) . With the concentration and time increase, the survival rate declined, while the malformation rate increased significantly (Table II) , indicating a specific time-and dose-dependent effect.
Measurement of gross calcium. The linear regression equation of calcium to the absorbance was calculated according to the calcium standard solution. The calcium concentration of each group was calculated according to the formula: Abs = 0.05041 0Conc + 0.00183000, r=0.9993, where Abs is the absorbance, Conc is the concentration of calcium and r is the correlation co-efficient (Table III) . Compared to the control group, a normal level of total calcium was detected in the methanol group while significantly decreased levels of total calcium were found in the 0.125, 0.5 and 1.0 mg/l groups (Fig. 2) . 
Effects of A1254 on VDR, PTH and TRVP6 mRNA expression.
As shown in Fig. 3 , VDR, PTH and TRVP6 mRNA expressions were all affected by PCB 1254 . By 120 hpf, the mRNA expressions of VDR, PTH and TRVP6 from the PCB-treated larvae were all upregulated. The expressions of PTH and TRVP6 positively correlated with the level of PCB 1254 to which the embryos were exposed.
Discusssion
The mechanisms underlying the development of the skeleton are not clearly understood, mainly as the ability to study the dynamic processes of giving rise to cartilage and bone in living embryos has been limited. The zebrafish is an ideal model organism for studying skeletal development, as the embryos Table II . Effect of PCB 1254 exposure on survival and deformity rate of zebrafish embryos. 
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and larvae are small and transparent, enabling the study of organogenesis in the living organism. Zebrafish cartilage and bone elements develop early and have distinct morphologies, and the genetic mechanisms underlying skeletal formation are shared with other vertebrates (20) .
The results of the present study demonstrate that the developing zebrafish is sensitive to pharmacologically relevant doses of PCBs. Zebrafish exposed to moderate-to-high levels of PCBs during the early developmental stage exhibited increased mortality and malformations, such as pericardial edema, yolk sac edema and body bending. Similar findings in zebrafish and other animal studies have been previously reported, including decreased viability and pericardial edema in zebrafish (21, 22) , as well as an increase in the numbers and the identification of patterns of malformation in Japanese medaka (23) and amphibians (24) .
The skeleton of zebrafish develops as early as two days post-fertilization (dpf) and has a fully functional cartilaginous skeleton by five dpf (25) . As zebrafish grow and develop, calcium is the most abundant mineral found in their bodies, with 99% of the total calcium being found in the bones and teeth. Our study showed that at 120 hpf, the calcium of the PCB-treated larvae decreased significantly. The loss of calcium suggests that developmental exposure to PCB 1254 may interfere with the metabolism of calcium. The PCB-induced toxicity is mediated by the increased production of ROS. The uncontrolled availability of ROS induces excess production of cytokines, such as IL-1, IL-6 and TNF-α which promote osteoclastic function and bone resorption (26) . This correlates with the decreased bone length, bone strength and altered metabolic activity in rats (13, 16, 27) . Therefore, we hypothesized that PCB 1254 can promote bone resorption and cause a loss of calcium which is similar to osteoporosis.
VDR is the central mediator of the cellular effects of vitamin D with the natural occurring ligand being 1,25(OH) 2 D 3 . Target cells, located throughout the body, have VDRs that bind circulating 1,25(OH) 2 D 3 . PTH is an 84-amino acid protein that is secreted by parathyroid glands in response to low serum calcium. Elevated levels of calcium and vitamin D provide negative feedback inhibition of PTH and VDR. TRPV6 has been described in intestinal epithelial cells to selectively transport Ca 2+ (28) . It is a member of the transient receptor potential channel superfamily (29) and is considered to be the gatekeeper of selective Ca 2+ absorption in the small intestine (30,31). These three genes are indispen sable in the possession of mineralization. The water used in our experiment was purified without any ion including Ca
2+
, so the lavae could not absorb any calcium from the environment. ROS produced by PCB 1254 is believed to induce bone-related diseases by suppressing bone formation and stimulating bone resorption. As VDR, PTH and TRPV6 are sensitive to calcium, their upreguation suggests that the body was performing a compensatory reaction to maintain the calcium at a normal level.
In conclusion, the findings from our study demonstrate that PCBs (Aroclor 1254) have adverse effects on the viability and malformation rate of developing zebrafish embryos and affect the zebrafish calcium metabolism. The investigation of the typical drinking water sources in the Jiangsu Province of China found that the concentration of PCBs is far beyond the WHO standards (32) . This suggests the importance of monitoring PCBs in our environment and evaluating their skeletal toxicity in wildlife. * Compared with the normal control group P<0.05; bars represent the means ± SE. hpf, hours post-fertilization; con, control; meth, methanol.
